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DOCUMENT- IDENTIFIER: US 5825057 A in 
TITLE: Process for fabricating layered superlattice materials ana 

making 

electronic devices including same 



APD: 

19941205 

BSPR: . ^. ^ -, ^ 

The invention in general relates to the fabrication of layered 

superlattice . 

materials, and more particularly to fabrication processes that 
provide low 

fatigue ferroelectric and reliable high dielectric constant 
integrated circuit 

devices that are unusually resistant to degradation. 
BSPR * 

copending U.S. patent application Ser. No. 07/965,190 filed 

Oct. 23, 1992 . , ^ V, 

discloses that the layered superlattice materials discovered by 

G A 

Smolenskii, V. A. Isupov, and A. I. Agranovskaya (See Chapter 15 

FLrSelect^ics and Related Materials, ISSN 0275-9608, [V.3 of the 

S SIT i s s 

Ferroelectrics and Related Phenomena, 1984] edited by G. A. 

Smolenskii, ■ ^ . jz 

especially sections 15.3-15) are far better suited for 

ferroelectric and high 

dielectric constant integrated circuit applications than any 
prior materials 

used for these applications. These layered superlattice 
materials comprise 

complex oxides of metals, such as strontium, calcium, barium, 

bismuth, cadmium, . 

lead, titanium, tantalum, hafnium, tungsten, niobium zirconium, 

bismuth, , j 4.u n i • 

scandium, yttrium, lanthanum, antimony, chromium, and thallium 

that . +-11- 

spontaneously form layered superlattices, i.e. crystalline 

lattices that , , , , . 

include alternating layers of distinctly different sublattices, 

such as a 1 1 v, 

ferroelectric and non -ferroelectric sublattices. Generally, each 

layered ^ i.,. i, 

superlattice material will include two or more of the above 

metals; for 



example, strontium, bismuth and tantalum form the layered 
|^?™Uu"bL:Srt»talate, SrBi.sub.2 Ta.sub.2 O.sub.9. 
p^enf application Ser. No. 07/981,133, describes a method of 
SyerefsSperlattice thin films that results in electronic 
Sa?e"airsfveraf tLes better than the best previously known. 
mSre tTllTelllo^s certain aspects of the previous application, 

and discloses +-orroi-hpr 
improvements in the fabrication process that together 

7Z:fTlll ^^ttLfkroei^ctrio parameters, such as the 

?vef thf ialue^ obtained with the basic process described in the 

copending 

981,133 application. 

RS PR * 

in addition to having good values of the ferroelectric 

ZoTtl:l\^il the'prysical guality of the ferroelectric films be 

useln'Lnufacturing processes. For example, the film should 

unlfo^m'^grSiliL, which results in better crystalline guality, 

of'criSs and'other defects. The film grain size should also be 

rtie'mr.ness of the film; otherwise the roughness of the film 

comparable to the thickness and other dimensions of the device 

"ZlTHlls it difficult or impossible to fabricate devices 

^nfresultf^n'short circuits and other electrical breakdowns. 

Importait'thi? the fabrication processes be ones that can be 

TellViTety rapidly, since long processes are more expensive in 

terms of the use 

of facilities and personnel. 

Rapid thermal processing and furnace annealing in an atmosphere 

^Lrraf Sf'mLy processes that are well-known in the thin-film 

fabrication 



technology, See for example. "Process Optimization and 

Wortf/sSl-Gel Based PZT for r«rroBlectri= Memories", B. 
I- cSlaro.^L. D, McMillan, C. A. Paz De Araujo, and J. F. Scott 
Srroelectrlcs, Vol 109, PP. 1-" (»^0, . It is also .nown to 
?n'(SrIcati:f PZT using a spin-on and annealing process to 
llTTs Sad':Sde vapor in the fabrication process. See U.S. 

P^'- ^ ^ »nnam D Miller et al. It is also known to 

5 028,455 Issued to William L). uiiiei 

Bf srro.sub.3 when fabricating a bismuth titanate thin film 
?f cLSnsa?f t?r the loss of this component in the sputtering 

process. See "A 

New Ferroelectric Memory Device, 

r-i^l^iliSti^orEl^ctron Devices, August 
WXT E. C. Subbarao, in "A Family of Ferroelectric Bismuth 
PhyrchSm. Sillds, V. 23, pp. 665-676; (1962), discloses the 
^olWsSlStions of some layered superlattice materials and that 
?h:!"ph°ysical parameters, i.e., the dielectric constant and 
change':rthf proportions of the various elements comprising the 
rhange'°'Hoi°ever, these are only some of the hundreds of 
rramSfe^s'^hat potentially can affect the guality of a layered 
^rerifl^a^d prior to the worX of the present inventors, how to 

use these and arrive at ferro electric 
other fabrication parameters to arrive at 

SeiriowlaUgue rates and polarizabilitles as high as 25 in 
^Srrlattice materials was unknown, despite the fact that those 
^""^d Senlearchlng for materials with such properties for 

more than thirty 



years . 



When^he layered superlattice material comprises a thin 



ifi2i|fgif,ri:,,,ial between the two electrodes o£ a 
fesu5ts°«e'obta!ned if a first furnace anneal is performed after 
S^erfatrice material is formed and a second furnace anneal is 
lZ'lllfnfJZtro6. is deposited. The second anneal may take 
ftltl the°c!p°acltor is patterned, or alternatively, a second 
perform^d'prlor to patterning and a third anneal performed after 

?he':eSond-and third anneal processes are performed at a 

temperature lower than 

the first anneal temperature. 

?f one of the metals is bismuth, the polarizability of the 
fffifi^ced if about 125, of the normal stoichiometric 

amount of bismuth 
is added. 

above method of designing an electrical or electronic device 
jLticularly applicable to devices includin, layered superlattice 
ttat"incLde solid solutions of several layered superlattice 
tMs°aSct tte invention solves the problem of fabricating high 
g^rfoS^ctric and high dielectric constant devices by providing a 
maSng "an electrical or electronic device, the method comprising: 
llZrTol ?he values of one or more electronic properties of a 
suferiattice solid solution as a substantially continuous 
prSpor??on'of1he components of the solid solution; selecting a 
froi'thfreco^d with a composition having a desired value of at 
iTellZlc property,- and fabricating an electrical or electronic 
?rciSding a layered superlattice material having the selected 
e^rronifpropfrties may comprise one or more properties 



• 



selected f^^^.^^e coercive field, leakage current, 

group comprising polarizaDiiii-Y/ 

S—^^nd fatigue. The elements that fo» the solid solution 
^ILSilelected fro™ the .roup comprising tantalum, niob.um, 
'frcSni^ and many other elements. 

fhf methods described above result in layered superlattlce 
Zmilnl :iectronic properties. For example, farrO£l-tEi£ 

lattice materials with polarlzabilities, 2Pr, higher than 25 
r,u:r°e1entlmeter have been fabricated. Numerous other 

fnf Sv^t^ag^efo? the invention will become apparent from the 

d:sSp??on When read in conjunction with the accompanying 

drawings . 

Z'\e Shows graphs of 2Pr versus second an-i ti- ^or samples 
°bls:uth"tan?alate prepared with 10* excess bismuth and under 

atmospheres of 
oxygen and nitrogen ; 

DEPR: . ^ ^^^^ ^ and 3, a wafer 10 containing 

Directing attention to FIGS. 2 ana J, 

numerous capacitors 9 is a top view of the wafer 10 

12, 14, 16 etc. is shown. FIG. 2 is a top 

on' which the 16 etc. fabricated by the process 

thin film capacitors 12, 14, if etc. 

according to the ^niaraed FIG. 3 is a portion of a 

invention are shown greatly enlarged. 

^^FIG^f taLn through the lines 3-3 bisecting capacitor 16. 
"p^c'^f '?he°wafer 10 includes a silicon substrate 22, a silicon 
Sfulating layer 24, a thin layer of titanium 26 which assists 
^icrfs a^pIaUnum electrode 28, in adhering to the silicon 

dioxide 24, a material 30, and another platinum 

layer of layered superlattice material 

electrode 32. ^ 32 are deposited, the wafer 

After the layers 24, 26, 28, 3U, ana 



i=v-f Slayer 28 to torn the individual capacitors 12, 14, 16, 
T.VJ^^lctll by the bottom electrode 2S. The 

i-eSod'^cSatii^ irilyerSo of layered superlattice material. 
a"'thrsf layered superlattice materials comprise complex 
^ucf as°stron?iu;, calcium, barium, bismuth, cadmium, lead, 
^ir„iir'tSngs?r' niobium zirconium, bismuth, scandium, yttrium, 
inflmony:' Chromium, and thallium that spontaneously form layered 
rr'ifystall'ine lattices that include alternating layers of 
diffe'ent'sublattlces. Generally each layered superlattice 
!nc!Se\wo"r more of the above metals; for example, barium, 
S=Sium fo^m the layered superlattice material barium bismuth 
BaBi's:b.2 Nb.sub.2 O.sub.9. The material 30 may be a 
'^^^ or both. If it is a dielectric, the capacitor 16 
iLLctrlc capacitor, and if the material 30 is a ferroelectric, 
ITis'T^lBSiBiS capacitor. The layered superlattice 
:S^arfzld"Le%enerally under the formula. 

DEPR: ^ ^ intearation of a layered 

FIG 4 shows an example of the integraT:xo 

^n^tf f ~em"rrcell to form an integrated circuit 70 such 
ILrfcafed using the invention. The memory cell 50 includes a 
libsfrSte 51, field oxide areas 54, and two electrically 

interconnected t, ,r,ri a ferroelectric switching 
electrical devices, a transistor 71 and a ferr 

"rSiSor"! includes a gate 73, a source 74, and a drain 75. 
JSdes'flrst electrode 58, ferroelectric layered superlattice 
rnd'second°k-tEode 77. Insulators, such as 56, separate the 

devices 71, 12, 



except «here drain 75 of transistor 71 is connected to first 
ilfgli! 72.°'Electrical contacts, such as 47 and 78 maXe 
^ci^ectioi to the devices 71, 72 to other parts of the integrated 
fdetiuld' example of the complete fabrication process for an 
cfrcSf ^ercory cell as shown in FIG. 4 is given in O.S. patent 
sSf "n"°919,186, which is incorporated herein by reference. It 
*°d:rstood that FIGS. 2, 3, 4 depicting the capacitors 12, 14, 16 
?^tegr"a?ed circuit 70 are not .eant to be actual cross-sectional 
SrtLSLrportion of an actual electronic device, but are merely 
ierres^Sations which are employed to more clearly and fully 
s??icturfand process of the invention than would otherwise be 
possible . 

parallel with the solvent and concentration control step 83, 
T,\TTrlllTe^. If the substrate is a .etalli^ed substrate, such 
::bsfrate 18, then the substrate is provided in step 85A by 
T2T, 26? iTfs and is then preba.ed in step 86A. If the 
non-Sa!lized substrate, such as a silicon or gallium arsenide 
^he's^bs^rrtf Is provided in step 85B and dehydrated in step 86B. 

substrlte is coated with the precursor. In the examples 
^irc^^Snfi^a^'done by a spin-on process, though a process such 
S:p:s!tJof process as described in U.S. patent application Ser. 
«hich1;'hereby incorporated by reference, or dipping or other 
TrocSs^marbfLed. The coated substrate is then dried in step 
b^Ud" RTP (rapid thermal processor, unit. If the desired 
SelfyS fo is not obtained, then the series of coat, dry, and 
RTP bake steps 



87, 88, and 89 are repeated as many times as required to build up 
mcJnes"'' The wafer 10 is then annealed in step 92, the top or 

electrode 32 is deposited in step 93 by sputtering or other 

suitable process, . . . 

and the wafer 10 is then annealed again m step 94. The 

rt?uctured'by'!on'Slling, chemical etching, or other suitable 

fs^'hef fonows a third anneal xn step 96. This completes the 

?apacitor'device as in FIG. 2 is the desired end result, however 

II integrated'circuit as in FIG. 4, there follows completion 

co:?L?Vetanration, capping, etc. As will be discussed further 

If lie S?epf Outlined above are necessary for every device: some 

opUonarand others are used only for certain layered 
superlattice materials. 

Once^he desired film thickness has been obtained, the dried and 
Eaked'Sim is annealed in step 92, which is referred to as a 
disSnguiSfi^from subsequent anneals. The first anneal is 

pe?foJmed^n an oxygen atmosphere in a furnace. The oxygen 

concentration is ^ ^k^tt^^ the. 

preferably 20% to 100%, and the temperature is above the 

t^Se^atirf ofthe particular layered superlattice material 30. 

thrmaterlaS'of the invention, this temperature is above 

pre;e:r::;por;tron of elements from the layered superlattice 

tf rreven?°thermal damage to the substrate, including damage to 

circuits^already in place, the annealing temperature is 

lllJefrlVT. Pri?:rably the annealing for strontium bismuth 

done'af about 800. degree. C. for 30 to 90 minutes, and is in a 

similar range , ^ ■ i^ nnt^ir, i-hp 

for most other layered superlattice materials. Again, the 

presence of oxygen 



is important in this first anneal step. The numerous nuclei, 
genira?ed'Sy the RTP bake step, grow, and a well-crystallized 

ferroe lectric . , ^ v. 

film is formed under the oxygen-rich atmosphere. 

Mter the first anneal, the second or top electrode 32 is formed, 
thr electrode is formed by RF sputtering of a platinum single 
also'^arbeiormed by DC sputtering, ion beam sputtering, vacuum 
fthefapp?opriate deposition process. If desirable for the 
de:igrb:ffrr?he metal deposition, the layered superlattxce 

patterned'Ssing conventional photolithography and etching, and 
electrode 32 is then patterned in a second process after 
S;ierd;sc^?beS\erein, the top electrode 32 and layered 

material 30 are patterned together using conventional 

photolithography 

techniques and ion beam milling. 

as' deposited, the adhesion of the top electrode 32 to the layered 
ma?efiaf ifusually weak. Preferably, the adhesion is improved 
treatment. The wafer 10 including the layered superlattice film 
the'^tor electrode 32 may be annealed before the patterning step 
ILtTTnTteat treatment designated m FIG. 1 as the second 
9raf tir' the'patterning step 95 by a heat treatment designated 
tL^seiond^anneal (2) step 96, or both before and after the 
?h":eSon§ ll7e.T'is preferably performed in an electric furnace 
temperature between 500. degree. C. and the first anneal 
l^eTZl. 50o!drgree. C. does not improve the adhesion of 

iKlSt'ing capacitor devices are sometimes extremely leaky, 

and shorted in 



the worst cases. 

?hrsecond anneal releases the internal stress in the top 

electrode 32 and in , -. ^ 

f- he inter tace between the electrode 32 and the layered 

ir^Af thrs»rtime, the second annealing step 94, 96 
™tructure in the layered superlattice material 30 resulting 
sputtering of the top electrode, and as a result improves the 
ZlTrTaT: ?L'e«ect is the sa^e whether the second anneal is 
Tr'SSfthf patterning step 95. The etfect of oxygen anient 
second anLal is not as clear as it is in the case of RTP ba.e 89 
anneaf 92'Tecause the layered superlattice material 30 is 
:;::rrod'/ anfno°t"exposed to the ambient atmosphere. With regard 
elert?Lal properties, inert gas, such as helium, argon, and 
used°2uh":ppr:ximately the same result as with oxygen. However, 
found'th^ran oxygen atmosphere during the second anneal Improves 
Systallographic order at the interface of the electrode 32 and 

superiattlce material 30 as well as the symmetry of the 

hysteresis curve. 

Below, examples of the fabrication process according to the 
ZlTeTto'l wafer 10 as shown in FIGS. 2 and 3 are given. 
th"::am?i:s:\here is a discussion of the electrical/electronic 
^uSSfra'ted in the figures. The figures include hysteresis 

Inf material endurance or ■■fatigue" curves such as PIG. 
hysteresis curves are given in terms of either the applied 
ro":ramp!e^?"FiG!%, or the electric field in .ilovolts per 
VoTTalpl'e II FIG. 7, versus the polarization charge in 



cenSeu""d. Generally, the hysteresis 1. shown for three 
vilSSf (or £ieWs> generally, 2 volts, 4 volts, and 6 volts. 
S:il!.nown, hysteresis curves which suggest good ferroelectric 
?o°br're!ative?y boxy and long in the direction of polarization, 
Sin'an5'!?near. The hysteresis measurements were all made on an 
Sawy:?-;owef circuit unless otherwise noted. The endurance or 
;ivf ?re"porarrzation charge, 2Pr, in .icrocoulo„>bs per square 
ITrTlll nu^er of cycles. The polarization charge 2Pr is the 
Tsll^l^Tt capacitor such as 16 from a state where it is 
on"^irecSorsa"y the upward vertical direction in FIG. 3, to 
Sn°y'po!arIzed state, which would be the downward vertical 
3"'Ser°e? b"y "fully polarized" means the state in which the 
m;ter!a!°"s -been polarized fully and the field removed. In 

terms of an ^ t^tc s it is the difference 

hysteresis curve, such as shown in FIG. 5, it 

P?!sub%, the point Where the hysteresis curve crosses the 
^^^arU^tion axis (y-axis), and Pr.sub.-, the point where the 
c^^sJ^f the'nStive polarization axis. Unless otherwise noted, 
Sr T.Tn is talcen from the hysteresis measurement at the highest 
Mgh^tteTalue of 2Pr, the better will be the performance of 
feLS^l^ctric 'memories and other applications. A cycle is 
«paSi?or? such as 16, being switched through one square pulse, 
polarization, 2Pr, is approximately twice the remnant 
?ig"es:"Sc; as'Firn, also show the value 2Ec, which is given 
^«'im?™"rsus some other parameter, such as the amount of 
^i^Tchiom^trriFIG. 11). The parameter 2Ec is equal to the sum 



on°thf ;ositive side, EC, and the coercive field on the 
llT%lnT.olta,. Change, generally taken as fro™ -6 to .6 
n^uLfshown. The coercive field is a measure of the size of 
u'regulrerto switch the material fro™ one polarization state to 
rprarticafelectronic device, it should be high enough that 
^ot'Lusf p^lSliation switching, but if it is too high, large 
regSfed ""operate the device. Other parameters and terms used 
ili'TislusTol Should be Clear from the context. 

further, from FIG. 9, the value of 2Pr is consistently and 
ir™"exciS"ismuth samples than for the stoichiometric 
ITliZs a'g'raph of 2Pr versus anneal time for samples of 
llXliTe us?Xa stoichiometric precursor as compared to samples 
Scess\?smuth precursor. The 20% excess bismuth content 
Mgh^r'ilUmafe^^R value than either the stoichiometric sample 
"exce^l "Luth sample of FIG. 9, although the maximum is reached 
lllllnnTt^e. However, for any given annealing time, the 2Pr 
°exceSl bfsmuth sample stays well above that for the 
?Ss1iprrlor%S?ormance in the samples with excess bismuth in 
folu?i:n"rs°believed to be due to the fact that bismuth and 
f higher°:ap:r';ressure (lower vapor point, than the other metals 
layered superlattice material and the oxides of these other 
mn^nimlfe^araUon process includes several heating steps, 
Tefattvely high temperatures, the bismuth and bismuth oxide are 
vaporized during the fabrication process. As a result, some 
d"th: Process, and if a stoichiometric proportion of bismuth 



irthrnlxed precursor, there will be less than a stoichiometric 
?Z^etiS tMn film, and the resulting layered superlattice 
SSnraffects' eSecially on the surface, with resulting 
crys?afliS s?a*%nd the ferroelectric properties that depend on 
Thfexces^ bismuth compensates for the loss of bismuth during 
resuiuni°in a more nearly stoichiometric thin film and improved 
propertles^^ The effect of excess bismuth content on the 
sSontii^'b^smuth tantalate was studied more thoroughly in a 
:r?he ;?ocess°Sf the invention utilizing a bismuth gradient, 
Sscus^ed'beLw. As will be seen, this variation overcomes the 

?o:g'ann:fung time required to reach the maximum 2Pr for the 

excess bismuth 
samples . 

Sys?eresis curves for each of the ten samples made according to 
ExLpJrrLf Shown in PIG. 10. As indicated above, all were 

^fabSut 725.degree. C. The values of 2Pr and 2Ec taken 
vou hysteresis curves are plotted in FIG. 11. The graph shows 
ma?erS! is clearly ferroelectric above 50% of stoichiometry. As 
b"™nc°reases, so does 2Pr and 2Ec. At about 100% of 
S°aif and^'th^; decreases steadily until it becomes relatively 
■ 13?% o'f stoichiometry. 2Pr peaks at about 120% of stoichiometry 
ttelormSia (?) or d')) and then decreases gradually. The upper 
bismuth* concentration is defined by the electrical shorting of 
due t"?hf degradation of film quality caused by excessive grain 

SgraUon of excess bismuth. FIG. 12 is a graph showing the 

fatigue of the 



samples of Example 2 having the different bismuth concentrations, 
samples show excellent resistance to fatigue, which property does 
The b!s:u?h°Sontent as long as the material is ferroelectric . 

?IG^''13 Shows a graph of 2Pr and 2Ec for the samples of Example 3 
nrs^anneal temperature. The sample annealed at 800. degree. C. 
^proved ferroelectric performance even though it was annealed 
shorLrSme. Thus annealing temperature is critical. Below 

Se'crSrailizakon does not proceed even if the film had been 

previously RTP 

baked at a high temperature. 

is a graph o£ the hysteresis curves tor six different 
s??oitLf bismuth tantalum titanate (TiTa) having the following 
?J:™(3rBl.sub.4 Ti.sub.4 o.sub.15); 80%; 50%; 33%; 20%; and 
?a.lub'2'5!sub.9) . The voltages at which the hysteresis curves 
r^anH Tits' as before. In this instance, while both the 
fiUnatrand'tte'strontium bismuth tantalate are excellent 
soUrsJStiSs of the two near 50/50 ratios are not. Moreover a 

of° ferro^Cctric properties, such as values of 2Pr and 2Ec are 

represented near 

the two extremes of the solid solutions. 

flf.''23 is a graph of the hysteresis curves for six different 
J^roitLm'bismuth niobium titanate (TiNb) having the following 
?r"o%'(SrBLsub.4 Ti.sub.4 O.sub.15); 80%; 50%; 33%; 20%; and 
Nb.sub'2l!s;b.9). The voltages at which the hysteresis curves 
TlnTe writs' as before. Again, while both the strontium 
^irftronUum Ms^u^h niobate are excellent f erroelectrics, solid 



?Se"tio"near 50/50 ratios are not. Also a broad range of 
Ifgiiffiffuch as values of 2Pr and 2Eo are represented near 

the two extremes 

of the solid solutions. 

Rlfthree of the materials strontimn bismuth tantalate (Ta), 
Sobfte^N^tHnS strontiuM bismuth titanate (Ti, may be mixed in 
::iiuon in arbitrary ratio, making a single mixed ferroelectric 
Sn'b; represented by the following general formula: 
t^?^;sub:;:Nb.sub.l-y).sub.x, Ti.sub.2-2x ,.sub.2 0.sub.l5-6x, 
tnlie'lt any value between 0 and 1 . FIG. 24 is a graph of the 
TrllTflr six different samples of TiTaNb having the following 

percentages of ■ ^ , ^, t n nib 15) ; 81%/10%/09%; 

Ti/Ta/Nb: 100*/0%/0% (SrBi.sub.4 Ti.sub.4 o.suo.i=), 

35*»/3«/31%; 14%/45%/41%; and 0*/50%/50l (SrEi.sub.2 
vo^ag^f a?';hirthe hysteresis curves were run was 2, 4, and 6 
TefoL" Again, while strontium bismuth titanate and strontium 
niZte a?f ^ic^llent f erroelectrics, solid solutions of the two 
;:Sof Ire not. Again, a broad range of ferroelectric 
Srifefof 2Pr"andlEc are represented near the two extremes of 

the solid 
solutions . 

nf^S is a three dimensional diagram (represented in 
'Zr'TllTof thfdSerent layered superlattice materials and 
fabScftefanr discussed in the above examples. Many patterns 
T.ltlJ.TncTu^in, the one discussed in relation to FIG. 18, i.e. 
«r fro^ 100% Ta to 100% Nb, the generally lower value of 2Pr 
iTllt dUgr^m^'and others that were not evident from the 



Ttt,TritTi'. 2pf along the 50% Ti line as it goes fro. 50% Ta 
Tj'UTt.rns peo.it one to use records such as no. 25 to design 
ZTcT^lT^ . specific, predictable properties. 

Ifrloni^ is in the 3a.e transition .etal colu-nn of the periodic 
TmI aftitaniu™ and can be easily substituted for titanium 
fup^rl^^Uct crystal structure in an arbitrary amount. FIG. 30 
iheVyftSefis curves for six different samples of ZrTi having 

the following Ti.sub.4 O.sub.15); 20%; 40%; 

percentages of Zr.o-e ibrtu . buu- 

?he''vo??age*s-at which the hysteresis curves were run was 2, 4, 
SSore!°"n ?his case, the f.rro.l.ctric properties disappear if 
^-rconium ifadded. This does not mean that the material with 
irnotTlayLed superlattice material; it may merely mean that 
Srroelectric transition temperature changes so that the material 
flZATJ.ll. at room temperature, and/or that the material 

becomes a layered _ vir, 31 is a graph of 2Pr and 

superlattice dielectric material. FIG. Jl is a g 

functLn of zr percentage, while FIG. 32 shows the fatigue curves 
Material with 10% Zr and the material with 20% Zr. The figures 

Show that while i inearlv with the addition of Zr, 

2Pr and 2Ec decrease close to iineariy wxl 

the resistance ^HHition of Zr, at least up to 20%. 

to fatigue improves with the addition or ^r, 

offerf opportunities for device design. 

Vindicated above, lead, thallium and antimony are also elements 
'XollTs that vaporize easily. Lead bismuth titanate and lead 
tantflate are layered superlattice materials that have been shown 
exceuLt electronic properties by the present inventors. The 



?^™:roi%xcess lead in the second thin film 30B is fro™ 3 .ol % 
^.^ove :?oiohio»etry. The tolerance for excess bis.uth is greater 
fayefed superlattice materials than the tolerance for lead 
refd/lLd'Lide is included only in the f erroelectric layers of 
su^eitrttfce materials, while in the bis»th/bis«th oxide is 
iZ' tltlVcTio layers and the non;f«roelectric layers; that 

rs'dS?ribS"?throu,hout the material while the lead is 

distributed only m 
alternate layers. 

ferroelectric device including a layered superlattice 
lZliiir,lTT^' -tal and a plurality of B-site metals selected 
fXSonsisting of titanium, tantalum and niobiu., said compound 
p^lSzability 2P, of at least about 15 microcoulombs per square 
iT^lZll^na being in a film having a thickness not greater than 
about 3500 

ferroelectric device as in claim 1 wherein said layered 
^^?«iaf comprises a solid solution of two or more materials from 

the group ^-^■nt^^Pite strontium bismuth 

comprising strontium bismuth tantalate, 

niobate, and 

strontium bismuth titanate. 

CLPR: . in claim 3 wherein said 

4. A layered superlattice material as m ciai 

material is 
ferroelectric . 

ferroelectric layered superlattice material compound having 
polarizability 2Pr greater than 15 microcoulombs per square 
fSfro^lSric^ayered superlattice material compound having a 



thickness no 

greater than about 3500 .ANG. . 

T\ ferroelectric device as in claim 2 wherein said layered 

nafefiaf iomprises an amount of bismuth, as compared to the 

Safs,1n'excess of the proportion of bismuth in the 
stoichiometric formula 

for said layered superlattice material. 

^^''''a ferroelectric device as in claim 6 wherein said amount of 

between 105% and 140% of the normal stoichiometric amount of 
bismuth . 

f^'^A ferroelectric device as in claim 1 wherein said layered 
Sa^ertafcomprises a material having the formula: 

T^^A ferroelectric device as in claim 8 wherein: 

0.7.1toreq.x.ltoreq.l.O, n-^v.^^ i 7 

O.e.ltoreq.y.ltoreq.l.O, and 0 . Itoreq. . alpha . . Itoreq. 1 . 2 (2 x) . 

^^'a ferroelectric device as in claim 2 wherein said layered 

^afefi^fha: an average grain size of from 200 .ANG. to 2000 
.ANG. . 

Subbarao, "A Family of Ferroelectric Bismuth Compounds," J. Phys 
Chem. Solids, 

Pergamon Press, 1962, vol. 23, pp. 665-676. 
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DOCUMENT-IDENTIFIER: US 6165802 A intearated circuit 

TITLE: Method of fabricating ferroelectric mtegratea circ 

using oxygen to , j 4-;^r, 

inhibit and repair hydrogen degradation 

APD: 

19980417 

Sod of fabricating ferroelectric Integrated circuit using 

oxygen to inhibit 

and repair hydrogen degradation 

Tintegrated circuit is forced that contains a ferroelectric 
Smp'rlsing metal oxide material containing at least two metals, 
^ygen-recovery anneal is conducted in anJ^ient oxygen at a 
S^foTeg":'' to lOOO.degree. C. for a time period from 20 
Sours!'^ ^L'oxygen-recovery anneal reverses the effects of 
ITrlTtoTr^^ properties. The oxygen-recovery 
|??rctrve Ts'the annealing temperature and annealing time 
llTlTtll oxIde"!emLt comprises a layered superlattice 
^°°!!!;;;;„„"^f;gr ferroelectric properties is minimized when the 
sSerlattxce compound comprises strontium bismuth tantalum 
S^°b?™/rantafum mole ratio in the precursor is about 0.4. 
SegfalSion Is further minimized when at least one of the 
Snrra^or-eLment and the B-site element of the layered 

is'^^e^e^t'In'e^^^sf of the amounts represented by the balanced 

stoichiometric 

formula of the compound. 

?hrinventlon relates to a method for fabricating a ferroelectric 
cfrcuif that reduces or eliminates the degradation of electronic 



properties 

resulting from hydrogen exposure. 

I^roelectric compounds possess favorable characteristics tor use 
nonvolatile integrated circuit memories. See Miller, U.S. Pat. 
5?046,043. A ferroelectric device, such as a capacitor, is 
IJonvolatUe memory when it possesses desired electronic 
S^tg^refidS:! ^Slarization, good coercive field, high fatigue 
and1one;icage current. Lead-containing ABO. sub. 3 type 
i^Fi^le^rtUanate zirconate, and PLZT (lanthanum lead 
zi?cSna?e) have been studied for practical use in integrated 
supSia^ice'm^tSial oxides have also been studied for use in 
cfrS'see watanabe, U.S. Pat. No. 5,434, 102. Layered 
coS^oinds'^hibit Characteristics in ferroelectric memories that 
:agnitude%uperior to those of PZT and PLZT compounds, while 
ferroelectric memories have been made successfully with the 
supfrlattice compounds, there is as yet no manufacturing process 
Smo^fefusing either the ABO.sub.3 type oxides or the layered 
S^iafc'cmpounds with the desired electronic characteristics 
!S°c«?clL'guantlties. One reason, among others, for the lac. 
c^rcrifrocesses for the fabrication of high quality 
i;"gfateS"cr rcuits is that the oxide compounds are susceptible 
h?dr:gen"«ing hydrogen annealing. Hydrogen annealing is a 

common step during ^ , ■ ^r^H r-P^c:„its in 

CMOS integrated circuit memory fabrication and results m 

degradation of some 

important ferroelectric properties. 

f typical ferroelectric memory device in an integrated circuit 




contains a 

semi conductor substrate and a metal-oxide semi conductor 

field-effect transistor 

(MOSFET) in electrical contact with a ferroelectric device, 
usually a 

ferroelectric capacitor, A ferroelectric capacitor typically 
contains a 

ferroelectric thin film located between a first or bottom 
electrode and a 

second or top electrode, the electrodes typically containing 
platinum. During 

manufacture of the circuit, the MOSFET is subjected to conditions 
causing 

defects in the silicon substrate. For example, the manufacturing 
process 

usually includes high energy steps, such as ion-mill etching and 
plasma 

etching. Defects also arise during heat treatment for 
crystallization of the 

ferroelectric thin film at relatively high temperatures, often in 
the range 

500. degree. -900. degree. C. As a result, numerous defects are 
generated in the 

single crystal structure of the semiconductor silicon substrate, 
leading to 

deterioration in the electronic characteristics of the MOSFET. 
BSPR: 

To restore the silicon properties of the MOSFET/CMOS, the 
manufacturing process 

typically includes a hydrogen annealing step, in which defects 
such as dangling 

bonds are eliminated by utilizing the reducing property of 
hydrogen. Various 

techniques have been developed to effect the hydrogen annealing, 
such as 

H.sub.2 -gas heat treatment in ambient conditions. 
Conventionally, hydrogen 

treatments are conducted between 350. degree. and 550. degree. 
C . , typically 

around 400. degree. C. for a time period of about 30 minutes. In 
addition, 

there are several other integrated circuit fabrication processes 
that expose 

the integrated circuit to hydrogen, often at elevated 
temperatures, such as CVD 

processes for depositing metals, growth of silicon dioxide from 
silane or TEOS 

sources, and etching processes using hydrogen. During processes 
that involve 



hydrogen, the hydrogen diffuses through the top electrode and the 
side of the 

capacitor to the ferroelectric thin film and reduces the oxides 
contained in 

the ferroelectric material. The absorbed hydrogen also 
metallizes the surface 

of the ferroelectric thin film by reducing metal oxides. As a 
result of these 

effects, the electronic properties of the capacitor are degraded. 
This problem 

is acute in ferroelectric memories containing layered 
superlattice compounds 

because these oxide compounds are particularly complex and prone 

to degradation 

by hydrogen-reduction. 

BSPR: 

The invention solves the above problem by providing a method for 
fabricating 

ferroelectric elements in integrated circuits that reduces the 
detrimental 

effects of the hydrogen and preserves the favorable electronic 

properties of 

the ferroelectric element. 

BSPR: 

One aspect of the invention is performing an oxygen-recovery 
anneal to 

reoxidize chemical compounds in the ferroelectric element that 
were reduced 

during manufacturing steps causing hydrogenating and reducing 
conditions. The 

oxygen-recovery anneal is typically performed in the temperature 
range from 

300. degree. C. to 1000. degree. C. for a time period from 20 
minutes to 2 
hours . 

BSPR: 

Another aspect of the invention is that the oxygen -recovery 
anneal is ambient 

tolerant, that is, it can be performed at atmospheric pressure 
with oxygen gas 

mixtures containing common ambient gases, such as nitrogen . 
BSPR: 

Another aspect of the invention is formation of a hydrogen 
barrier layer 

directly over at least a portion of the ferroelectric element. 



BSPR: 

In a preferred method, a nitride of titanium or silicon is formed 
to cover the 

protected portion of the ferroelectric element and serve as a 
hydrogen barrier. 

BSPR: 

Another aspect of the invention is formation of a ferroelectric 
thin film 

comprising a layered superlattice compound. 
BSPR: 

Another aspect of the invention is forming a ferroelectric 
element having 

layered superlattice compounds containing the chemical elements 
bismuth, 

strontium, niobium and tantalum in which the relative amounts of 
the chemical 

elements are selected to minimize the degradation of electronic 

properties by 

hydrogen. 

BSPR: 

Another aspect of the invention is formation of a ferroelectric 
thin film in ■ 

which the layered superlattice compound comprises strontium 
bismuth tantalum 
niobate . 

BSPR: 

Another aspect of the invention is formation of a ferroelectric 
thin film in 

which the ferroelectric thin film comprising strontium bismuth 
tantalum niobate 

contains relative amounts of niobium and tantalum selected to 
inhibit hydrogen 

degradation of the ferroelectric material. 
BSPR: 

Another aspect of the invention is formation of a ferroelectric 
thin film in ' ■ — 

which at least one of said metals is present in an excess amount 
up to forty 

percent greater than the amount corresponding to a balanced 

stoichiometric 

formula . 

BSPR: 

Another aspect of the invention is formation of a ferroelectric 
thin film in 



which the ferroelectric thin film comprising strontium bismuth 
tantalum niobate 

contains an excess amount of at least one of the metals from the 
group 

comprising bismuth and niobium to inhibit hydrogen degradation of 
the 

ferroelectric material. 
BSPR: 

A further aspect of the invention is the formation of a 
ferroelectric capacitor 

with a top electrode, a ferroelectric thin film and a bottom 
electrode . 

DRPR: 

FIG. 1 is a cross-sectional view of a portion of an integrated 
circuit as may 

be fabricated by the method of the invention showing a 
nonvolatile 

ferroelectric memory cell; 
DRPR: 

FIG. 2 is a flow chart showing the preferred embodiment of a 
process for 

fabricating a nonvolatile ferroelectric memory device according 

to the 

invention; 

DEPR: 

It should be understood that the FIGS. 1, 3 and 4 depicting 
ferroelectric 

integrated circuit devices are not meant to be actual plan or 
cross-sectional 

views of any particular portion of an actual integrated circuit 
device. In the 

actual devices the layers will not be as regular and the 
thickness may have 

different proportions. The various layers in actual devices 
often are curved 

and possess overlapping edges. The figures instead show 
idealized 

representations which are employed to depict more clearly and 
fully the 

structure and process of the invention than would otherwise be 
possible. Also, 

the figures represent only one of innumerable variations of 
ferroelectric 

devices that could be fabricated using the method of the 
invention. FIG. 1 

depicts a ferroelectric memory containing a switch in the form of 



a field 

effect transistor in electrical connection with a ferroelectric 
capacitor. 

But, it would also be conceivable to use the method of this 
invention to 

fabricate a ferroelectric FET memory in which the ferroelectric 

element is 

incorporated in the switch element. Such a ferroelectric FET is 
described in 

McMillan, U.S. Pat. No. 5,523,964, which is incorporated herein 
by reference. 

Likewise, other integrated circuits fabricated using the method 
of the 

invention could include other elements and compositions of 
material . 

DEPR: 

Directing attention to FIG. 1, there is shown a cross-sectional 
view of an 

exemplary nonvolatile ferroelectric memory cell that could be 
fabricated 

according to the method of the invention. The general 
manufacturing steps for 

fabricating integrated circuits containing MOSFETs and 
ferroelectric capacitor 

elements is described in Yoshimori, U.S. Pat. No. 5,561,307, 
which is hereby 

incorporated by reference as if completely contained herein. 
General 

fabrication methods have been described in other references also. 
Therefore, 

the elements of the circuit of FIG. 1 will be simply identified 
here . 

DEPR: 

In FIG. 1, a field oxide region 104 is formed on a surface of a 
silicon 

substrate 102. A source region 106 and a drain region 108 are 
formed 

separately from each other within silicon substrate 102. A gate 
insulating 

layer 112 is formed on the silicon substrate 102 between the 
source and drain 

regions 106 and 108. Further, a gate electrode 110 is formed on 
the gate 

insulating layer 112. These source region 106, drain region 108, 
gate 

insulating layer 112 and gate electrode 110 together form a 
MOSFET 113. 



DEPR: 

An interlayer dielectric layer (ILD) 114 made of BPSG 
(boron-doped 

phosphosilicate glass) is formed on substrate 102 and field oxide 
region 104. 

An adhesive layer 116 is formed on a portion of ILD 114, and then 
a 

ferroelectric thin film capacitor 118 is formed on adhesive layer 
116. The 

adhesive layer 116 is made of, for example, titanium, and 
typically has a 
thickness of 200 .ANG. . 

DEPR: 

Ferroelectric capacitor 118 is preferably formed on a 
conventional wafer 140 

that may comprise silicon, gallium arsenide or other 
semi conductor , or an 

insulator, such as silicon dioxide, glass or magnesium oxide 
(MgO) . The bottom 

and top electrodes of ferroelectric capacitors conventionally 
contain platinum. 

It is preferable that the bottom electrode contains a 
non-oxidized precious 

metal such as platinum, palladium, silver, and gold. In addition 
to the 

precious metal, metal such as aluminum, aluminum alloy, aluminum 
silicon, 

aluminum nickel, nickel alloy, copper alloy, and aluminum copper 
may be used 

for electrodes of a ferroelectric memory. Adhesive layers, such 
as titanium, 

enhance the adhesion of the electrodes to adjacent underlying or 
overlying 

layers of the circuits. 
DEPR: 

In FIG. 1, the ferroelectric capacitor 118 comprises a bottom 
electrode 120 

made of platinum and having a thickness of 2000 .ANG. 
(angstroms) , a 

ferroelectric thin film 122 formed on the bottom electrode 120, a 
top electrode 

124 formed on the ferroelectric film 122, made of platinum and 
having a 

thickness of 2000 .ANG., and preferably an electrically 
conductive hydrogen 

barrier layer 126 formed on the top electrode and having a 
thickness of 

500-2000 .ANG.. The hydrogen barrier layer 126 can comprise a 



single film, for 

example, titanium nitride or silicon nitride, or it can contain 
two or more 

films, for example, a bottom film of titanium, then a film of 
titanium nitride 

followed by a titanium film. If the barrier layer 126 is made 

electrically conductive material, such as titanium nitride, and 
acts as a 

conducting element, then it is self-aligning. The hydrogen 
barrier layer can ^ ^ 

be deposited using a conventional sputtering technique. The 
composition and 

structure of the ferroelectric thin film 124 is discussed in more 
detail below. 

DEPR: 

A second interlayer dielectric layer (ILD) 128 made of NSG 
(nondoped silicate 

or^fBPSG ^'''^ ^ (Phospho-silicate glass) film 

film could also be used in ILD 128. Openings 114a are 
selectively opened 

through ILD 114 and ILD 128 to expose the source region 106 and 
gate region 

108. Source electrode wiring 130 and drain electrode wirina 132 
are formed to 

?hiougr?LD^128^^^' openings 128a are selectively opened 

to expose the electrically conductive hydrogen barrier layer 126 
and the bottom 

electrode 120. Top electrode wiring 134 and bottom electrode 
wiring 136 are — 

formed to fill these openings 128a. The drain electr ode wiring 
132 is ^ 

electrically connected to top electrode wiring 134. Each of 
these wirings 130, 

^Sr^^^ ^^"^ ""^"^^ °^ Al— Si with a thickness of about 3000 

barrier layer 126 is nonconductive, then it is necessary to 
remove at least a 

portion of the barrier layer 126 so that the wiring layer 134 can 
make 

electrical contact to top electrode 124. 
DEPR: 

The composition of the ferroelectric thin film 124 can be 
selected from a group 

of suitable ferroelectric materials, including but not limited 
to : an ABO. sub . 3 



-type perovskite, such as a titanate (e.g., BaTiO.sub.3, 
SrTiO.sub.3, 

PbTiO.sub.3 (PT), PbZrTiO.sub.3 (PZT) ) or a niobate (e.g., 
KNbO.sub.3), and, 

preferably, a layered superlattice compound. 

DEPR: . ^ ^ 

U.S. Pat. No. 5,519,234 issued May 21, 1996, incorporated 

herein by , u 

reference, discloses that layered superlattice compounds, such as 

strontium 

bismuth tantalate, have excellent properties in ferroelectric 
applications as 

compared to the best prior materials and have high dielectric 
constants and low 

leakage currents. U.S. Pat. Nos. 5,434,102 issued Jul. 
18,1995 and 

5,468,684 issued Nov. 21, 1995, incorporated herein by 
reference, describe 

processes for integrating these materials into practical 
integrated circuits. 

DEPR: , . , 

The word "substrate" can mean the underlying wafer 102 on which 

the integrated . 
circuit is formed, as well as any object on which a thin film 

layer is 

deposited, such as BPSG layer 114. In this disclosure 
"substrate" shall mean 

the object to which the layer of interest is applied; for 
example, when we are 

talking about a bottom electrode, such as 120, the substrate 
includes the 

layers 116 and 114 on which the electrode 120 is formed. 
DEPR: 

The term "thin film" is used herein as it is used m the 
integrated circuit 

art. Generally it means a film of less than a micron m 
thickness. The thin 

films disclosed herein are in all instances less than 0.5 microns 
in thickness. 

Preferably the ferroelectric thin films 122 are 1000 .ANG. to 

3000 .ANG. , . , 

thick, and most preferably 1200 .ANG. to 2500 .ANG. thick. 

These thin films . 

of the integrated circuit art should not be confused with the 

layered 

capacitors of the macroscopic capacitor art which are formed by a 
wholly 



different process which is incompatible with the integrated 
circuit art. 



DEPR ' 

The term "stoichiometric" herein, may be applied to both a solid 

film of a . , 4. 4.U 

material, such as a layered superlattice material, or to the 

precursor for , . •, 4., ■ -p'i • 4- 

forming a material. When it is applied to a solid thin tilm, it 

refers to a 

formula which shows the actual relative amounts of each element 

in a final . . 

solid thin film. When applied to a precursor, it indicates the 

molar , 
proportion of metals in the precursor. A "balanced 
stoichiometric formula is 

one in which there is just enough of each element to form a 
complete crystal 

structure of the material with all sites of the crystal lattice 

occupied, , 4. ■ 

though in actual practice there always will be some defects in 

the crystal at o j 

room temperature. For example, both SrBi.sub.2 TaNbO.sub.9 and 

SrBi.sub.2 

Ta. sub. 1.44 Nb. sub. 0.56 O.sub.9 are balanced stochiometric 
formulas. In 

contrast, a precursor for strontium bismuth tantalum niobate in 
which the molar 

proportions of strontium, bismuth, tantalum, and niobium are 1, 
2.18, 1.44, and 

0.56, respectively, is represented herein by the unbalanced 
"stochiometric" 

formula SrBi. sub.2 . 18 Ta. sub. 1.44 Nb. sub. 0.56 O.sub.9, since it 
contains excess 

bismuth beyond what is needed to form a complete crystalline 
material. In this 

disclosure an "excess" amount of a metallic element means an 
amount greater 

than required to bond with the other metals present to make the 
desired 

material, with all atomic sites occupied and no amount of any 
metal left over. 

However, as known in the art, because bismuth oxide is highly 
volatile and 

significant heat is used in fabricating electronic devices 
according to the 

invention, the molar proportion of bismuth in a solid 
ferroelectric layer 122, 

422, made according to the process of the invention will 
generally be less than 



that in the stochiometric formula for the precursor. However, 
the molar 

proportions of strontium, tantalum, and niobium in ferroelectric 

layer 122, . . ^ , , 

422, made according to the process of the invention will be very 

close or ■ ^ ■ 

identical to the molar proportions given in the stochiometric 

formula for the 

precursor. See U.S. Pat. No. 5,434,102 issued to Watanabe et 
al. 

DEPR * 

The diagram of FIG. 2 is a flow sheet of the fabrication steps 
used in this 

invention to make a ferroelectric memory. In step 212, a 
semi conductor 

substrate is provided on which a switch is formed in step 214. 
The switch is 

typically a MOSFET. In step 216, an insulating layer is formed 
to separate the 

switching element from the ferroelectric element to be formed. 
In step 218, a 

bottom electrode is formed. Preferably the electrode is made of 
platinum and 

is sputter-deposited to form a layer with a thickness of about 
2000 .ANG.. In 

the preferred method, an adhesion layer made of titanium or 
titanium nitride of 

about 200 .ANG. would be formed in this step prior to depositing 
the 

electrode. The ferroelectric thin film is applied to the bottom 
electrode in 

step 222. In the preferred method, the ferroelectric thin film 
contains 

layered superlattice compounds. The ferroelectric thin films are 
preferably 

applied using a liquid deposition technique, such as spin-coatmg 
or a misted 

deposition method as described in U.S. Pat. No. 5,546,945. In 
the most 

preferred method, a spin-on technique is used to form the thin 
film. In step 

220, chemical precursors of the layered superlattice compounds 
that will form 

the desired ferroelectric thin film are prepared. Usually, a 
final precursor 

solution is prepared from commercially available solutions 
containing the 

chemical precursor compounds. The preferred method utilizes. a 
precursor 



solution containing relative molar proportions of the elements 
strontium, 

bismuth, tantalum and niobium corresponding approximately to the 
formula 

SrBi.sub.2.18 Ta. sub. 1.44 Nb. sub. 0.56 O.sub.9, in which the mole 
ration of 

niobium to tantalum, Nb/Ta, is about 0.4. Preferably, the 
concentrations of 

the various precursors supplied in the commercial solutions are 
adjusted in 

step 220 to accommodate particular manufacturing or operating 
conditions. For 

example, the stoichiometric amounts of the various elements in a 
commercial 

solution for a layered superlattice thin film might be 
SrBi.sub,2.18 

Ta. sub. 1.44 Nb. sub. 0.56 O.sub.9. It is often desirable, however, 
to add extra 

niobium or bismuth to this solution to generate extra oxides that 
will protect 

the ferroelectric compounds from hydrogen-annealing degradation. 
The 

application step 222 is preferably followed by a treatment step 
224 which 

preferably includes a drying step, a crystallization substep at 
elevated 

temperatures such as a rapid thermal process, and may include 
treatment with 

ultraviolet radiation during or after the application step 222. 
For example, 

in a typical spin-on procedure, a coat of the precursor might be 
applied and 

dried. Then another precursor coat might be applied and dried. 
The 

application and treatment steps 222 and 224 can be repeated 
several times. The 

treated film is then annealed in oxygen to form the resulting 
ferroelectric 

thin film in step 226. Following steps 222-226, the top 
electrode is formed in 

step 228. Step 228 and other steps would include substeps, such 
as ion milling 

and ashing. In the preferred method, a hydrogen barrier layer is 
formed in 

step 230 to cover at least the top electrode of the capacitor. 
Typically, the 

hydrogen barrier layer is titanium nitride, which inhibits 
diffusion of 

hydrogen into the ferroelectric and which is also electrically 
conductive . 



Since, in most cases, the layers below the ferroelectric layer 
are sufficiently 

thick to prevent hydrogen diffusion to the ferroelectric, the 
most important 

hydrogen barrier is a barrier that is deposited in one of the 
layers directly 

over the ferroelectric thin film. By "directly over" means that 
the barrier 

layer is above the ferroelectric layer in the vertical direction 
in FIGS. 1 and 

4, and extends the length of the ferroelectric layer in the 
horizontal 

directions in FIGS. 1 and 4, The term does not mean that the 
barrier layer is 

in direct contact with the ferroelectric layer. The barrier 
layer may or may 

not contact the ferroelectric layer. As long as it is directly 
above a portion 

of the ferroelectric layer, it will protect that portion from 
hydrogen 

diffusion. It is also desirable to add a small amount of oxygen 
to the barrier 

layer by including a small amount of O.sub.2 -gas in the sputter 
atmosphere 

during sputter-deposition of the barrier layer. The resulting 
oxides that form 

in the barrier layer protect the ferroelectric compounds in the 
memory device 

by reacting with the hydrogen that can be present in various 
manufacturing 

process steps. In step 232, hydrogen annealing of the workpiece 
is conducted 

at a temperature and annealing time chosen to satisfactorily 
eliminate the 

defects caused in the silicon substrate by oxidation and to 
minimize hydrogen 

degradation of the ferroelectric compounds. The hydrogen 
annealing step is 

preferably performed with H.sub.2 -gas in ambient conditions 
because this is 

less complex than other alternatives, such as hydrogen-plasma 
annealing. In 

step 234, the oxygen-recovery anneal of the invention is 
performed to restore 

the electronic properties of the ferroelectric element that were 
degraded as a 

result of hydrogen annealing and other process steps causing 
hydrogenating or 

reducing conditions. The circuit would be completed in step 236, 
which could 



include a number of substeps, for example, deposition of an ILD, 
patterning and 

milling, and deposition of wiring layers. 
DEPR: 

Oxygen-gas recovery annealing performed at a temperature range of 
from 

300, degree. to 1000. degree. C. for a time period from 20 
minutes to 2 hours 

effectively reverses the degradation of electronic properties 
caused by 

hydrogen reduction in the ferroelectric element by reoxidizing 
the chemical 

compounds in the ferroelectric element. Nevertheless, it might 
not always be 

possible to accomplish the purpose of the oxygen-recovery anneal, 
that is, the 

repair of hydrogen damage in the ferroelectric element and other 
elements, by 

using the inventive oxygen-recovery anneal step. For these 
reasons, the method 

of the invention contemplates the use of various steps to protect 
the memory 

device from damage from hydrogen. These steps can be used in 

conjunction with 

the oxygen-recovery anneal step. 

DEPR: 

The oxygen-recovery anneal of the present invention is effective 
in protecting 

the electronic characteristics of nonvolatile ferroelectric 
capacitors in which 

the ferroelectric thin film contains Bi-layered superlattice 
material made from 

a precursor with a composition corresponding approximately to the 
general 

formula SrBi . sub . 2 . 18 Ta.sub.2-x Nb.sub.x, where 
0 . Itoreq. . times . . Itoreq. 2 . 

Experiments have shown that the oxygen-recovery anneal treatment 
is effective 

in restoring desired ferroelectric properties in layered 
superlattice compounds 

made from a precursor solution with a composition corresponding 
approximately 

to the general stoichiometric formula SrBi . sub. 2 . 18 Ta. sub. 1.44 
Nb. sub. 0.56 

O.sub.9, in which the mole ratio Nb/Ta in the precursor is about 
0.4. 

Experiments have further shown that addition of bismuth or 
niobium to the 




precursor in excess of the relative amounts corresponding to the 
formula 

SrBi.sub.2.18 Ta. sub. 1.44 Nb.sub.0.56 O.sub.9 is effective in 
protecting 

desired electronic characteristics from hydrogen degradation. 
The preferred 

method of the invention provides a ferroelectric capacitor in 
which at least 

the top electrode is covered by a hydrogen barrier layer, 
preferably containing 
titanium nitride. 

DEPR: 

FIG. 3 is a top view of an exemplary wafer on which thin film 
capacitors 396, 

398 and 400 fabricated on substrate 300 in accordance with the 
invention are 

shown greatly enlarged. FIG. 4 is a portion of a cross-section 
of FIG. 3 taken 

through the lines 4 — 4, illustrating a thin film capacitor device 
fabricated in 

accordance with the invention. A silicon dioxide layer 404 is 
formed on a 

silicon crystal substrate 402. A titanium adhesion layer 416 is 
formed on the 

silicon dioxide layer 404, Then bottom electrode 420 made of 
platinum is 

sputter-deposited on adhesion layer 416. Layer 422 is a 
ferroelectric thin 

.film, and layer 424 represents the top electrode made of 
platinum. 

DEPR: 

The capacitors were fabricated from a strontium bismuth tantalum 
niobate 

precursor solution commercially available from Hughes Aircraft 
Company, Product 

No. HAC10475-47. The solution contained amounts of chemical 
precursors 

corresponding to the stoichiometric formula SrBi.sub.2.18 
Ta, sub, 144 

Nb.sub.0.56 O.sub.9. The mole ratio of niobium to tantalum, 
Nb/Ta, in the 

precursor was, therefore, about 0,4. The 0.2 mol/1 precursor 
solution in this 

example contained: tantalum 2-ethylhexanoate, bismuth 
2-ethylhexanoate, 

strontium 2-ethylhexanoate, niobium 2-ethylhexanoate, 
2-ethylhexanoate, and 

xylene. Ferroelectric capacitors containing the layered 



super lattice compound 

were formed from the precursor solution in general accordance 
with the method 

described in Watanabe, U.S. Pat. No. 5,434,102, which is hereby 
incorporated 

by reference as if wholly contained herein, 
DEPR: 

A series of p-type 100 Si wafer substrates 402 were oxidized to 
form a layer of 

silicon dioxide 404. A titanium adhesive layer 416 of 200 .ANG. 
thickness was 

sputtered on the substrate, then a bottom platinum electrode 420 
of 3000 .ANG. 

thickness was sputter-deposited on adhesive layer 416. These 
were annealed 30 

minutes in O.sub.2 at 650. degree. C., and dehydrated 30 minutes 
at 180. degree. 

C. in low vacuum. A spincoat of 0.2 molar solution of the 
strontium bismuth 

tantalum niobate compound was deposited on the bottom electrode 
420 at 1500 rpm 

for 30 seconds. This was dehydrated for 1 minute at 160. degree. 
C, 

increasing to 260. degree. C. for 4 minutes. The sequence of the 
spincoat and 

dehydration steps was repeated. The ferroelectric coating was 
crystallized 

using rapid-thermal-annealing (RTA 725. degree. C.30 sec, 
100. degree. C./sec) . 

These steps formed a ferroelectric thin film 422 having a 
thickness of 

2100. 150 .ANG.. The wafer and deposited layers were given a 
first anneal 

for 60 minutes at 800. degree. C. Platinum was sputter-deposited 
to make a top 

electrode layer 424 with 2000 .ANG. thickness, followed by PR 
treatment . The 

platinum and strontium bismuth tantalum niobate layers were 
milled to form the 

capacitors, and then ashing was performed, followed by a second 
O.sub.2 anneal 

for 30 minutes at 800. degree. C. 
DEPR: 

The effect of covering the top electrode of strontium bismuth 
tantalum niobate 

capacitors with a hydrogen barrier made of titanium nitride was 
studied. After 

hydrogen annealing at 400. degree. C. for 10 and 60 minutes, an 



oxygen- recovery 

anneal was performed at 400. degree, C, for one hour. 
DEPR: 

Strontium bismuth tantalum niobate capacitors were again prepared 
according to 

the procedure used in Example 1 from precursor solution obtained 
from Hughes 

Aircraft Company, HAC10709-30. The solution contained amounts of 
chemical 

precursors corresponding to the stoichiometric formula 
SrB,sub.2.18 Ta. sub. 1,44 

Nb.sub-0.56 0.sub,9. The mole ratio of niobium to tantalum, 
Nb/Ta, in the 

precursor was, therefore, about 0.4. The capacitors had an area 
of 7845 

.mu.m.sup.2. Then, thin films of titanium nitride were 
sputter-deposited about 

1800 .ANG. thick on the strontium bismuth tantalum niobate 
capacitors at 

various deposition conditions. The titanium nitride films were 
deposited on 

the top electrode of the capacitors using a titanium sputter 
target with 

nitrogen sputter gas at gas pressure of 13 mTorr and at 160, 215, 
280 and 350 W 

power, base pressure 5 . times . 10 . sup . -7 Torr, during 1 hour 
sputter time. The 

titanium nitride films most effective in protecting the strontium 
bismuth 

tantalum niobate capacitors against hydrogen degradation were the 
films with 

highest density, that is, the films produced at 280 W. These 
films had a 

density of 4.89 grams per cubic centimeter (g/cm) and an 
electrical resistivity 

of about 0.76 milliohms centimeter (m. phi. cm). Auger electron 
spectroscopy 

indicated that there as more than 15 percent (15%) oxygen in the 
deposited film 

of titanium nitride. The sides of the capacitors were not coated 
with barrier 
layers . 

DEPR: 

The effects of H.sub.2 -annealing are shown in FIGS, 11-13. The 
samples were 

annealed in H,sub.2 (5%) -N. sub. 2 ambient at 200. degree. C. for 
10, 30 and 60 

minutes. FIG. 11 is a graph of normalized remnant polarization, 



2Pr/ [2Pr (pre~anneal) ] , measured at 3 volts, plotted as a function 
of hydrogen 

annealing time at 200. degree. C. In samples with Nb . gtoreq. 0 . 56 
annealed 10 

minutes, the 2Pr-value degraded about 45 percent. The 
degradation was greater 

in samples with Nb=0, and in all samples annealed longer than 10 
minutes . For 

example, the degradation of remnant polarization was about 60% in 
the sample 

with Nb=0, annealed 10 minutes. Degradation was almost complete 
in all samples 

annealed for 30 or 60 minutes. FIG. 12 is a graph of normalized 
coercive 

field, E.sub.c /E.sub.c (pre-anneal) , at 3 volts plotted as a 
function of 

hydrogen annealing time at 200. degree. C. It shows that the 
presence of 

niobium in the ferroelectric precursor inhibits degradation of 
the E.sub.c 

-value. FIG. 13 is a graph of leakage current measured at 1 volt 
plotted as a 

function of hydrogen annealing time in capacitors made from 
precursors with 

different Nb/Ta ratios, indicated by the stoichiometric formula 
subscript of 

niobium. The leakage current for Nb=0 and Nb=0.56 is about 
10 . sup . -7 

A/cm.sup.2, which is satisfactory for many circuit applications. 
The leakage 

current in capacitors where Nb. gtoreq. 1 . 0 is too high for many, 
but not all, 
applications . 

DEPR: 

The results of other experiments show that additional Bi or Nb 
protects the 

strontium bismuth tantalum niobate capacitor against degradation 
by hydrogen 

annealing. It is believed that amounts up to forty percent in 
excess of the 

amount corresponding to a balanced stoichiometric formula. These 
extra amounts 

form additional oxides, and they inhibit hydrogen degradation 
probably by 

consuming hydrogen that would otherwise reduce the strontium 
bismuth tantalum 

niobate oxides. The high leakage in capacitors annealed at 
longer times seems 

to be caused by the additional oxide that is consumed by 




hydrogen. Upon its 

reduction by hydrogen annealing, the additional oxide forms 
elemental metals in 

the ferroelectric capacitor. The conductive metals then act as a 
leakage path. 

This suggests that the preferred fabrication process will use 
sufficient excess 

metal to "getter" significant hydrogen in its metal-oxide form, 
but not enough 

to provide a leakage path when it is reduced by hydrogen. A 
result of the 

inventive oxygen-recovery anneal is reoxidation of the metal to 
form an 
insulator . 

DEPR: 

As discussed above, a primary feature of the invention is to 
reverse the 

detrimental effects of hydrogen degradation and recover desirable 
electronic 

properties of the ferroelectric material by performing an 
oxygen- recovery 

anneal after hydrogen process steps. For some integrated circuit 
devices, an 

oxygen-recovery anneal will be sufficient to obtain good results. 
However, in 

other cases, to obtain ferroelectric devices with good electronic 
properties, 

it is necessary to utilize additional measures. For example, 
hydrogen 

degradation can be inhibited by limiting the exposure to 
hydrogen, which 

includes exposures at temperatures under 350. degree. C. and for 
times less 

than 30 minutes. The use of a hydrogen barrier during hydrogen 
treatments is 

also effective in protecting desired electronic properties 
against hydrogen 

degradation. As shown in Example 3 above, hydrogen degradation 
can be 

minimized by selectively choosing the relative amounts of 
components comprising 

the ferroelectric device. Similarly, good ferroelectric 

properties can be 

obtained by using precursors with selectively chosen amounts of 
excess metal 

oxide, such as excess bismuth oxide and/or excess niobium oxide. 



DEPR: 

Further, use of additional oxygen in integrated circuit layers 



laid down 

subsequent to the ferroelectric layers, such as an insulating 
layer laid down 

subsequent to the fabrication of the ferroelectric layer, which 
oxygen acts as 

a getter for hydrogen during subsequent hydrogen treatments, can 
also be 

effectively used either alone or in combination with one or more 
of the above 

measures. In this manner, the invention provides processes 
and/or structures 

that enable the prevention of the degradation of ferroelectric 

elements in 

combination with almost any exposure to hydrogen that is 
necessary to create 

and perfect the other portions of the integrated circuit* 
DEPR: 

There has been described a method and structure for fabricating 
ferroelectric 

integrated circuits that permit exposure to hydrogen and still 
result in 

ferroelectric devices with good electrical properties. It should 
be understood 

that the particular embodiments shown in the drawings and 
described within this 

specification are for purposes of example and should not be 
construed to limit 

the invention which will be described in the claims below. 
Further, it is 

evident that those skilled in the art may now make numerous uses 
and 

modifications of the specific embodiments described, without 
departing from the 

inventive concepts. For example, now that an oxygen-recovery 
anneal of the 

integrated circuit has been identified as an important part of 
the process for 

fabricating ferroelectric memory devices, this method can be 
combined with 

other processes to provide variations on the method described. 
It is also 

evident that the steps recited may in some instances be performed 
in a 

different order. Or equivalent structures and process may be 
substituted for 

the various structures and processes described. Consequently, 
the invention is 

to be construed as embracing each and every novel feature and 
novel combination 



of features present in and/or possessed by the fabrication 
processes, 

electronic devices, and electronic device manufacturing methods 
described^ 

ORPL: 

Article: H. Achard and H. Mace; "Integration of Ferroelectric 

Thin Films For 

Memory Applications"; Science and Technology of Electroceramic 
Thin Films; 

Kluwer Academic Publishers, 1995; pp. 353-372, inclusive. 
ORPL: 

Symposium Abstract: Ilsub Chung, et al . ; "Integration of 
Ferroelectric 

Capacitors Using Multilayered Electrode "; The Tenth International 
Symposium on 

the Applications of Ferroelectrics, Aug. 18-21, 1996, Hilton 
Hotel, East 

Brunswick, NJ, Rutgers University; p. 55. 
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TTL: 

Series ferroelectric capacitor structure for monolithic 

integrated circuits and 

method 

ABPL: 

A ferroelectric capacitor for a memory device including a 
substrate, a bottom 

electrode and a top electrode . Between the bottom and top 
electrodes is either 

an alternating plurality of layers of ferroelectric material and 
intermediate 

electrodes or a plurality of layers of ferroelectric material. A 
method for 

forming the same through establishing one layer over the other is 
also 

disclosed. 
BSPR: 

The present invention is directed to a ferroelectric capacitor 
and method for 
forming the same. 

BSPR: 

The current method for producing ferroelectric capacitors for 
integrated 

ferroelectric memories involves depositing a single layer of a 
ferroelectric/dielectric material between a bottom electrode and 
a top 

electrode. See U.S. Pat. Nos. 4,918,654 ("SRAM With 
Programmable 

Capacitance Divider") and U.S. Pat. No. 5,005,102 ("Multilayer 
Electrodes For 

Integrated Circuit Capacitors") assigned to Ramtron Corporation, 
the assignee 

of the present invention. The result is a capacitor having a 
bottom electrode, 

a single layer of ferroelectric material, and a top electrode. A 

problem with 

this configuration is that if a defect is somehow introduced to 



either the 

bottom electrode or the ferroelectric layer, such as during the 
deposition 

process or during subsequent processing, the defect may propagate 
through the 

entire structure. A defect propagates as either the bottom 
electrode or 

ferroelectric layer is deposited or as the ferroelectric layer is 
annealed and 

undergoes a phase transformation, 
BSPR: 

The object of the present invention is to provide a ferroelectric 
capacitor 

which decreases the probability of a random defect impacting the 
quality of the 

ferroelectric memory device. 
BSPR: 

The present invention in one of its aspects is directed to a 
ferroelectric 

capacitor for use in volatile and nonvolatile ferroelectric 
memories. The 

present invention is intended to prevent a random defect from 
propagating 

throughout the entire structure of a memory device. The 
capacitor of the 

present invention achieves this by having a series of 
ferroelectric/dielectric 

and intermediate electrode layers established sequentially on a 
bottom 

electrode . A top layer is then established over the series of 

ferroelectric 

layers . 

BSPR: 

In another embodiment, a series of ferroelectric/dielectric 
layers is 

established on a bottom electrode, and a top electrode is 
established over 
those layers. 

BSPR: 

Second, as the number of series combinations increases to form 
the composite 

capacitor, the ratio of the dielectric thickness compared to the 
grain size of 

the dielectric increases. This provides a means to modify the 
electrical 

characteristics of the capacitor since the ratio of the grain 




boundary to 

electrode interface parasitic effects will change. 
BSPR: 

The present invention is further directed to a method for 
fabricating the 

ferroelectric capacitor of the present invention. In general, 
the method 

comprises a sequence of deposition steps followed by annealing 
and defining the 

structure to form a ferroelectric capacitor having either a 
series of 

ferroelectric/dielectric and intermediate electrode layers, or a 
series of only 

ferroelectric/dielectric layers. 
BSPR: 

Considering the method of the present invention in one of its 
embodiments, the 

top electrode of the capacitor is defined first, then the 
dielectric/ferroelectric layers, and finally the bottom 
electrode. 

BSPR: 

In still a further embodiment of the invented method, the top 
electrode and the 

dielectric/ferroelectric layers are defined simultaneously so 
that they are 

coincident. The bottom electrode is then defined in a separate 
step. 

DRPR: 

FIG. 1 is a cross-sectional view of a ferroelectric capacitor 
produced by the 
prior method; 

DRPR: 

FIG. 2 is a cross-sectional view of a portion of a ferroelectric 

capacitor 

showing a bottom electrode over a substrate; 
DRPR: 

FIG. 3a is a cross-sectional view of a portion of the first 
embodiment of the 

present invention showing ferroelectric material over the 
structure of FIG. 2; 

DRPR: 

FIG. 3b shows the structure of FIG. 3a with an intermediate 
electrode over the 



ferroelectric material; 
DRPR: 

FIG. 3c shows the structure of FIG. 3b with ferroelectric 
material over the 

intermediate electrode and another intermediate electrode over 
the 

ferroelectric material; 
DRPR: 

FIG. 3d shows the structure of FIG. 3c with further ferroelectric 
material over 

the already established layers of ferroelectric material and 

intermediate 

electrodes; 

DRPR: 

FIG. 3e shows the structure of FIG. 3d with a top electrode over 
the further 

ferroelectric material; 
DRPR: 

FIG. 4a shows a cross-sectional view of a portion of the third 
embodiment of 

the present invention wherein the top and intermediate electrodes 
and the 

ferroelectric material are coincident; 
DRPR: 

FIG. 5b shows a cross-sectional view of the structure of FIG. 5a 
with layers of 

ferroelectric material over the bottom electrode; 
DRPR: 

FIG. 5c shows structure of FIG. 5b with the addition of a top 
electrode; 

DRPR: 

FIG. 7 shows a plan view of the structure of the first, second 
and fifth 

embodiments of the present invention after the top electrode has 
been 

established and defined but before the dielectric has been 
established; and 

DRPR: 

FIG. 8 shows a plan view of the structure of the third, fourth 
and sixth 

embodiments of the present invention after the top electrode has 
been 



established and defined but before the dielectric has been 
established. 

DEPR: 

FIG. 1 shows a cross-sectional view of the structure produced by 
the current 

method for fabricating ferroelectric capacitors for integrated 
ferroelectric 

memories. In this structure, a substrate 10 is provided. Over 
it is a bottom 

electrode or "plate" 20. A single layer of 
ferroelectric/dielectric material 3 

is deposited between the bottom electrode 20 and a top electrode 
40. As stated 

previously, a defect in the bottom electrode or the 
ferroelectric/dielectric 

layer can easily propagate throughout the structure, resulting in 
degraded 

electrical properties in the capacitor and severely limiting the 
electrical 

capability of any memory device the capacitor is incorporated 
within . 

DEPR: 

The ferroelectric capacitor of the present invention is intended 
to decrease 

the probability of a random defect affecting the quality of the 
capacitor of a 

memory device in which the capacitor is incorporated. The 
present invention is 

illustrated by six embodiments. The six embodiments, illustrated 
in the 

drawings, are described below with reference to a method for 
fabricating each 
embodiment . 

DEPR: 

Generally, in FIG. 2, in accordance with the present invention, a 
bottom layer 

or electrode 20 is established over a substrate 10. The 
substrate can be 

comprised of any basic material, such as silicon and silicon 
dioxide, 

germanium, gallium arsenide for example, as long as there is not 
a material 

mismatch between substrate 10 and bottom electrode 20. Substrate 
10 can be 

fabricated by thermal oxidation or chemical vapor deposition 
(CVD) , for 

example. The bottom electrode can be established, for example. 



by deposition 

or other commonly used techniques. For example, sputtering 
deposition or 

molecular beam epitaxy (MBE) may be used. Bottom electrode 20 
preferably 

comprises platinum (Pt), palladium (Pd), or an alloy of these two 
materials, 

and it has a thickness in the range from 500 .ANG. (50 nm) to 
5,000 .ANG. 
(500 nm) . 

DEPR: 

One of the embodiments of the present invention is then 
established over the 
bottom electrode structure. 

DEPR: 

The method for fabricating the first embodiment of the present 
invention is 

shown in FIGS. 3a-3g. In this method, a dielectric, such as a 
ferroelectric 

material 30a, is established over bottom electrode 20, as shown 
in FIG. 3a. 

Ferroelectric material 30a can be established by a number of 
different methods. 

For example, the material can be deposited by sputtering, 
evaporation, or 

chemical vapor deposition (CVD) , or a spin-on method such as 
sol-gel or 

metal-organic decomposition (MOD) . The composition of the 
ferroelectric 

material is preferably a lead zirconate titanate composition 
having the 

chemical composition of Pb(Ti.sub.x Zr . sub. 1-x) 0. sub. 3, wherein x 
is in the 

range from 0.2 to 1.0. Further, the ferroelectric material can 
be doped with, 

for example, niobium (Nb) or lanthanum (La) in the range of 0.5% 
to 5.0%, 

atomic percentage. 
DEPR: 

After ferroelectric material 30a has been established, an 
intermediate 

electrode 35a is established over ferroelectric material 30a as 
shown in FIG. 

3b. Intermediate electrode 35a is preferably established in a 
manner similar 

to that used for bottom electrode 20 and can be comprised of a 
similar 




material. The preferred thickness of layer 35a is in the range 

of 50 ,ANG. (5 

nm) to 1000 .ANG. (100 nm) . 

DEPR: 

Thereafter, the process of establishing a layer of ferroelectric 
material and 

another intermediate electrode is repeated until the desired 
number of layers 

is obtained. These layers can be established in a manner and 
with material 

similar to that used in layers 30a and 35a. FIG. 3c shows an 
example of this 

structure with one additional layer of ferroelectric material 30b 
and one 

additional intermediate electrode 35b. 
DEPR: 

A further layer of ferroelectric material 30c is then established 
over the 

other ferroelectric layers 30a, 30b and the intermediate 
electrodes 35a, 35b, 

as shown in FIG. 3d. Layer 30c can be established in a manner 
similar to that 
used for layer 30a. 

DEPR: 

The entire structure is then annealed to form the proper 
ferroelectric phase. 

Annealing may be performed, for example, by a rapid thermal 
anneal (RTA) or by 

furnace annealing. The ambient used for the annealing is, for 
example oxygen, 

oxygen-argon, or oxygen -ni trogen mixtures at a temperature in the 
range of 

500. degree. C. to 900, degree. C. Preferably, a furnace anneal 
in 100% oxygen 

for 30 to 90 minutes is done. The anneal is performed to convert 
the deposited 

dielectric into a material with ferroelectric characteristics. 
DEPR: 

A top electrode 40 is then established over layer 30c. The top 
electrode can 

be established, for example, by deposition using the same method 
and material 

as used in bottom electrode 20. Top electrode 40 is then 
defined. Electrode 

40 may be defined by conventional semiconductor fabrication 
techniques such as 



photolithography and plasma, for example. Preferably, the 
thickness of top 

electrode 40 is in the range from 500 .ANG. (50 nm) to 5,000 
.ANG, (500 nm) . 

The resulting structure is shown in FIG. 3e, 
DEPR: 

The capacitor stack, comprising ferroelectric layers 30a, 30b, 
30c and 

intermediate electrodes 35a, 35b, is then defined. The capacitor 
stack may, 

for example be defined by plasma etching or other aniostropic 
etch processes . 

DEPR: 

Bottom electrode 20 is then defined, for example by plasma 
etching . 

Preferably, bottom electrode 20 is larger in at least one 
transverse direction 

than the capacitor stack. This relationship exists so that 
subsequent contact 

may be made from other circuits or elements to bottom electrode 
20. FIG. 3f 

shows the resulting structure. 
DEPR: 

In FIG. 3g, a dielectric material 50 is then established over the 
structure in 

order to passivate the edge of the capacitor stack. Dielectric 
material 50 can 

be, for example, silicon dioxide or silicon nitride. Dielectric 
material 50 

can be established, for example, by deposition such as by CVD. 
Dielectric 

material 50 is used to minimize the leakage current of the 
capacitor . Contact 

windows 60, 70 are then defined through dielectric material 50 to 
top electrode 

40 and bottom electrode 20, respectively. Contact window 60, 70 
can be defined 

by conventional photopatterning and etching. FIG. 3g illustrates 
the completed 

structure of the first embodiment of the present invention, it 

being understood 

that contacts are to be added. 

DEPR: 

The method for fabricating the second embodiment of the present 
invention 

includes all the steps in the method for fabricating the first 



embodiment . 

However, in the method for fabricating the second embodiment, we 
anneal after 

establishing each layer of ferroelectric material, instead of 
annealing the 

structure only after establishing the last layer of ferroelectric 
material 

(i.e. 30c in FIG. 3d), as in the first embodiment. Accordingly, 
the diffusion 

of active species, such as oxygen and lead oxide, in the second 
embodiment can 

occur from the top surface of each layer as it is annealed. This 
provides a 

much greater opportunity for diffusion than in the first 
embodiment wherein any 

diffusion must occur through the edges of the ferroelectric 
layers . 

Preferrably, each anneal is a furnace anneal at a temperature 
between 

500. degree. C. to 800. degree. C. for 30 to 90 minutes. 
DEPR: 

The preferred embodiment of the present invention is produced 
utilizing this 

method and comprises a capacitor stack having alternating 
ferroelectric layers 

and intermediate electrodes preferably with two to four 
ferroelectric layers. 

DEPR: 

The method for fabricating the third embodiment of the present 
invention 

involves the same steps as were described above, referring to 
FIGS. 3a-3d, for 

the method for fabricating the first embodiment. For example, 
after 

ferroelectric layer 30c is established, the structure is 
annealed, and top 

electrode 40 is then established in a manner similar to that 
described above in 

the method for the first embodiment. However, unlike in the 
method for 

fabricating the first embodiment, in this method the top 
electrode is not 

defined at this point in time. Rather, top electrode 40 is 
defined 

later--simultaneously with defining the capacitor stack. As a 
result, the 

capacitor structure and the top electrode are congruent 
(coincident) in plan 



view (See FIG. 8) . Accordingly, one fewer definition step is 
necessary than in 

the method for fabricating the first embodiment. Therefore, the 
manufacturing 

cost for fabricating this embodiment is less than the cost for 
fabricating the 

first embodiment. Unfortunately, this embodiment has a 
disadvantage in that 

there is an increased sensitivity to leakage and breakdown at the 
edges which 

can cause a higher leakage current or lower breakdown voltage. 
DEPR: 

After defining the edges of layers 30a, 35a, 30b, 35b, 30c, and 
40, the bottom 

electrode 20 is then defined as described above in the method for 
fabricating 

the first embodiment. Electrode 20 is larger in plan view in at 
least one 

dimension then the stack above it (See FIG, 8) . FIG. 4a shows 
the resulting 
structure . 

DEPR: 

The method for fabricating this embodiment includes all the steps 
of the method 

for fabricating the third embodiment of the present invention 
(FIGS. 4a, 4b) . 

However, as described in the method for fabricating the second 
embodiment, in 

the fabrication of this embodiment, we anneal not only after we 
establish the 

last (uppermost) ferroelectric layer but also after we establish 
each 

ferroelectric layer, 
DEPR: 

The method for fabricating the fifth embodiment involves FIGS. 
5a-5d and 

employs the same steps as shown in FIG. 3a for fabricating the 
first embodiment 

wherein ferroelectric material 30a is established over bottom 
electrode 20. 

The structure is then annealed. The annealing can be done using 
a silicon 

diffusion furnace system, for example. 
DEPR: 

A layer of ferroelectric material 30b is then established 
directly over and 



upon the upper surface of ferroelectric material 30a, as shown in 
FIG. 5a. 

Layer 30b can be established, for example, using the same 
material and in the 

same manner as ferroelectric material 30a. The structure is then 
annealed, for 

example, in a manner similar to that used after the establishment 
of 

ferroelectric material 30a. 
DEPR: 

Still another layer of ferroelectric material 30c can be 
established directly 

over and upon the upper surface of ferroelectric material 30b, 
for example, 

with materials and in a manner similar to that used for 
ferroelectric material 

30a. FIG. 5b shows the resulting structure. The structure is 
then annealed, 

for example, in a manner similar to that used after the 
establishment of 

ferroelectric material 30a. Layers of ferroelectric material can 
be 

continually established and annealed until the required total 
dielectric 

thickness is reached. This method of fabrication is advantageous 
over the 

methods for fabricating the first through fourth embodiment 
because in this 

embodiment there ar fewer electrode -dielectric interfaces which 
entail more 

difficult manufacturing issues. Therefore, this method of 
fabrication has 

easier manufacturing and process control than in the fabrication 
methods for 

the first through fourth embodiments. 
DEPR: 

A top electrode 40 is then established and defined, for example, 
as described 

in the method for fabricating the first embodiment. Layers of 
ferroelectric 

material 30a, 30b, 30c are then defined, for example, in a manner 
similar to 

that disclosed in the method for fabricating the first 
embodiment. Bottom 

electrode 20 is then defined, as described in the first 
embodiment. The 

structure shown in FIG. 5c results. 




DEPR: 

The method for fabrication of the sixth embodiment of the present 
invention 

involves the same steps as were previously described in FIGS. 
5a-5b for 

fabricating the fifth embodiment. In this method of fabrication, 
annealing is 

delayed until all the ferroelectric layers have been established. 
Top 

electrode 40 is then established, for example, in the same manner 
as in the 

fabrication of the fifth embodiment, but it is not defined at 
this time. 

Rather, top electrode 40 is defined when the capacitor stack 
(i.e. layers 30a, 

30b, 30c of ferroelectric material) is defined. As a result, the 
capacitor 

stack and the top electrode are coincident (See FIG. 8) , The 
stack can be 

defined, for example, in the same manner as used in the method 
for fabrication 

of the fifth embodiment. Bottom electrode 20 is then defined. 

The structure 

shown in FIG. 6a results. 

DEPR: 

FIG. 7 shows a plan view of the structure of the first, second 
and fifth 

embodiments after top electrode 40 has been established and 
defined but prior 

to the establishment of dielectric 50. 
DEPR: 

FIG. 8 shows a plan view of the structure of the third, fourth 
and sixth 

embodiments after top electrode 40 has been established and 
defined but prior 

to the establishment of dielectric 50. 
CLPR: 

1. A ferroelectric capacitor comprising: 
CLPR: 

2. The capacitor of claim 1 wherein said top electrode, said 
ferroelectric 

material and said intermediate electrode have lateral edges which 
are 

coincident . 



CLPR: 




3. The capacitor of claim 1 wherein said ferroelectric material 
comprises a 

lead zirconate titanate composition defined by the chemical 
composition 

Pb(Ti.sub.x Zr.sub.l-x)0.sub.3, wherein x is from 0.2 to 1.0. 
CLPR: 

4. The capacitor of claim 3 wherein said ferroelectric material 
further 

comprises a dopant. 
CLPR: 

6. The capacitor of claim 1 wherein said intermediate electrode 
is selected 

from the group comprising platinum, palladium and an alloy of 

platinum and 

palladium. 

CLPR: 

7. The capacitor of claim 1 wherein a dielectric material is 
established over 

said capacitor and contact windows are defined to said top 
electrode and said 
bottom electrode . 

CLPR: 

8. A ferroelectric capacitor comprising: 
CLPR: 

9. The capacitor of claim 8 wherein said top electrode, said 
ferroelectric 

material and said intermediate electrode have lateral edges which 
are 

coincident . 
CLPR: 

10. The capacitor of claim 8 wherein said ferroelectric material 
comprises a 

lead zirconate titanate composition defined by the chemical 
composition 

Pb(Ti.sub.x Zr . sub . 1-x) 0. sub . 3, wherein x is from 0.2 to 1.0. 
CLPR: 

11. The capacitor of claim 10 wherein said ferroelectric 
material further 

comprises a dopant. 

CLPR: 

13. The capacitor of claim 8 wherein said intermediate electrode 
is selected 



from the group comprising platinum, palladium and an alloy of 

platinum and 

palladium. 

CLPR: 

14. The capacitor of claim 8 wherein a dielectric material is 
established over 

said capacitor and contact windows are defined to said top 
electrode and said 
bottom electrode . 

CLPR: 

15. A ferroelectric capacitor comprising: 
CLPR: 

16. The capacitor of claim 15 wherein said ferroelectric 
material comprises a 

lead zirconate titanate composition defined by the chemical 
composition 

Pb(Ti.sub.x Zr.sub.l-x) O.sub.3, wherein x is from 0.2 to 1.0. 
CLPR: 

17. The capacitor of claim 16 wherein said ferroelec tric 

material further 

comprises a dopant. 

CLPR: 

19. The capacitor of claim 15 wherein a dielectric material is 
established 

over said capacitor and contact windows are defined to said top 

electrode and 

said bottom electrode . 

CLPR: 

20. A method for forming a ferroelectric capacitor comprising 
the steps of: ' 

CLPR: 

21. The method of claim 20 wherein first the top electrode is 
defined, then 

the layers of ferroelectric material and intermediate electrode 
are defined, 

and then the bottom electrode is defined so that at least one 
edge of the 

bottom electrode is unobstructed. 
CLPR: 

22. The method claim 20 including the step of annealing after 
the second layer 

of ferroelectric material is established. 



CLPR: 

23. The method of claim 20 including the step of annealing after 
each layer of 

f er roel ec tr i c material and intermediate electrode is established. 
CLPR: 

24. The method of claim 20 wherein the top electrode^ the 
ferroelectric 

material and the intermediate electrode are all defined at the 
same time so 

that the edges of each are coincident. 
CLPR: 

25. The method of claim 20 including the step of establishing a 
dielectric 

material over said capacitor and defining contact windows through 
said 

dielectric material to said top electrode and said bottom 
electrode. 

CLPR: 

26. A method for forming a ferroelectric capacitor comprising 
the steps of: 

CLPR: 

27. The method of claim 26 wherein first the top electrode is 
defined, then 

the layers of ferroelectric material are defined, and then the 
bottom electrode 

is defined so that at least one edge of the bottom electrode is 
unobstructed. 

CLPR: 

28. The method of claim 26 wherein the top electrode and layers 
of 

ferroelectric material are defined at the same time so that the 

edges of each 

layer are coincident. 

CLPR: 

29. The method of claim 26 including the step of annealing after 
said 

plurality of layers of ferroelectric material have been 
established. 

CLPR: 

30. The method of claim 26 including the step of annealing after 
each layer of 

ferroelectric material is established. 



CLPV: 

a bottom electrode over said substrate; 
CLPV: 

a first layer of a ferroelectric material over said bottom 
electrode ; 

CLPV: 

an intermediate electrode over said first layer of ferroelectric 
material; 

CLPV: 

a second layer, distinct from said first layer, of ferroelectric 
material, said 

second layer being located over said intermediate electrode ; and 
CLPV: 

a top electrode over said second ferroelectric material. 
CLPV: 

a bottom electrode over said substrate; 
CLPV: 

an alternating plurality of distinct layers of ferroelectric 
material and 

intermediate electrodes located over said bottom electrode ; 
CLPV: 

another layer, distinct from said layers of ferroelectric 
material, of 

ferroelectric material, said another layer being located over 
said alternating 
plurality of layers; and 

CLPV: 

a top electrode over said another layer of ferroelectric 
material. 

CLPV: 

a bottom electrode over said substrate; 
CLPV: 

a plurality of layers of ferroelectric material over said bottom 
electrode, 

each of said plurality of layers located directly over each 
other; and 

CLPV: 

a top electrode over said plurality of layers of ferroelectric 



material , 



CLPV: 

establishing a bottom electrode over said substrate; 
CLPV: 

establishing a first layer of ferroelectric material over said 

bottom 

electrode; 

CLPV: 

establishing an intermediate electrode over said layer of 

ferroelectric 

material ; 

CLPV: 

establishing a second layer of ferroelectric material, distinct 
from said first 

layer, over said intermediate electrode; and 
CLPV: 

establishing a top electrode over said second layer of 
ferroelectric material. 

CLPV: 

establishing a bottom electrode over said substrate; 
CLPV: 

establishing a plurality of layers of ferroelectric material over 
said bottom 

electrode, each of said plurality of layers being located 
directly over one 
another; and 

CLPV: 

establishing a top electrode over said layers of ferroelectric 
material . 
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